The genetic relationships between the only natural population of Atlantic salmon (Salmo salar L.) in Denmark and seven other European salmon populations were studied using RFLP analysis of PCR amplified mitochondrial DNA segments. Six different haplotypes were detected by restriction enzyme analyses of the NADH dehydrogenase 1 segment, employing four endonucleases. Significant genetic differentiation was observed among populations. A hierarchical analysis of the distribution of the mtDNA variability revealed that only a small part was distributed among geographical groups within the study area. No correlation was found between genetic and geographic distance among populations. The effective migration of females (Nm )F among rivers was estimated to be approximately one per generation. genetic differentiation, mitochondrial DNA
Introduction
Throughout its range, Atlantic salmon (Salmo salar L.) exhibits large interpopulational genetic differences (Ryman, 1983; Stahl, 1987; Blanco et a!., 1992; Jordan et al., 1992) . These differences have been attributed to restricted gene flow among populations caused by efficient homing. Restricted gene flow is likely to increase the role of genetic drift within populations and may also facilitate local adaptations.
In recent years, interest in the genetic structure of Atlantic salmon populations has increased because of growing exploitation of stocks, destruction of suitable habitat and intentional or unintentional humanmediated gene flow. Intentional gene flow is the result of the supplementation of natural populations of salmon with salmon of non-native origin (Thompson & Russell, 1991; Vasquez et al., 1993) , and unintentional gene flow is caused by domesticated salmon that escape from fish farms. The reproductive success of non-native salmonids in nature, however, has generally been shown to be less than that of native salmonids (Thompson & Russell, 1991; Flemming & Gross 1993; Vasquez et a!., 1993; Hansen et a!., 1995) .
The introduction of non-native salmon has poten-*Correspondence.
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tial implications for wild salmon populations. It can lead to displacement of the native populations, to homogenization of the genetic material by swamping and, possibly, to outbreeding depression (Hindar et al., 1991) . Evidence of outbreeding depression is, however, scarce in salmonid fishes, but even a low degree of spawning intrusion by cultured fish (or stocked fish of foreign origin) may have a serious impact on native populations (Hutchings, 1991) .
Genetic markers for distinguishing between source populations are essential for studying the implications of 'mixing' salmon of different geographical origin. Mitochondrial DNA (mtDNA) provides a useful marker system. MtDNA has a lower effective population size than nuclear genes, approximately equal to half of the effective number of females (Birky et a!., 1983) , and is therefore more subject to drift than nuclear genes. This may cause salmon populations to exhibit larger differentiation for mtDNA than revealed by traditional allozyme electrophoresis. So far, the application of RFLP (Restriction Fragment Length Polymorphism) analysis of the whole mtDNA has been used to distinguish between salmon from Scotland and Norway (Knox & Verspoor, 1991) . However, until now the number of individuals screened and the number of salmon populations studied have been limited owing to the time consuming procedures associated with these methods. The development of PCR and specific mtDNA primers has solved many of these problems.
Crude preparations of total genomic DNA can be used for routinely amplifying mtDNA segments. We have applied a PCR-based method using the primers described by Cronin et al. (1993) to study the genetic structure of salmon populations on different geographical levels, with particular reference to the only extant Danish salmon population.
Materials and methods

Salmon populations
The only remnant wild population of Atlantic salmon in Denmark is found in the Skjern River (SKJ) . The river runs into the North Sea on the west coast of Jutland (Fig. 1) . The Skjern River population has been severely reduced as a result of human activities during this century. It has been isolated for several decades because of the extinction of all other Danish salmon populations. At present, the rivers Table 1 Sample sites of fish are summarized in Table 1 . Young salmon (parr) from the Skjern River were collected in 1989 by electrofishing and stored at -20°C. Fish from Atran, Lagan, Conon, Burrishoole and Corrib were provided by the Brusgaard Production School, Denmark. To reduce the possibility that small sample size could result in the imported samples showing less genetic variation than their source populations, fertilized eggs were collected from at least 20 breeding pairs in the native rivers. The fish from Brusgaard were sampled as parr and as young salmon ready for migration to sea (smolt). Fish from Numedalslâgen, Norway, were sampled as parr, and muscle samples were stored in ethanol. Samples from the Girnock and Baddoch Burns were provided as extracted total genomic DNA from adult salmon.
Mitochondrial DNA analyses DNA was extracted as described by Taggart et al. (1992) . We amplified two segments of the mitochondrial genome: ND 1 (NADH dehydrogenase 1) and the control region (D-loop) with the primers described by Cronin et al. (1993) . Two other sets of The following amplification cycles gave the best results for the ND 1 segment: denaturation at 95°C for 1 mm, eight cycles consisting of annealing at 50°C for 30 s, extension at 70°C for 2.5 mm, denaturation at 95°C for 45 s, followed by 21 cycles at Amplified segments were digested with each of the four chosen restriction enzymes, using 8 1uL of the PCR reaction for each digestion. The amount of restriction endonuclease used for each digestion varied between 0.5 and 2.5 units. The digested samples were electrophoresed on 2 per cent agarose gels in 0.5 x TBE buffer (Tris-borate-EDTA) followed by staining with ethidium bromide. Visualization of the fragments was carried out under UV light and recorded on Polaroid film. Each restriction morph was designated with a capital letter. Composite genotypes (haplotypes) were designated by four letters, one for each restriction enzyme used in this study.
Data analysis
The size of the restriction fragments was estimated by comparison to a hundred base pair ladder (Pharmacia). Fragments larger than approximately 100 bp were recorded. For estimation of fragment lengths we used a least squares method (Schaffer, 1983 tutions per site between all pairs of haplotypes based on the restriction fragment data, as described by Nei & Li (1979) . Construction of a tree describing the genetic relationships among haplotypes was carried out according to the algorithm of Fitch & Margohash (1967) using the programs D from the REAP package (McElroy et at., 1991) and FITCH from the PHYLIP package (Felsenstein, 1993) . Pairwise tests for homogeneity of haplotype frequencies between samples were performed using a Monte Carlo simulation approach (Roff & Bentzen, 1989) , with the program MONTE from the REAP package (McElroy et at., 1991). Levels of significance were adjusted according to the sequential Bonferroni method as described by Rice (1989) .
The AMOVA (analyses of molecular variance) method and program developed by Excoffier et at. (1992) was used for analysing the distribution of genetic variation among populations. This method quantifies levels of genetic variation by analysis of variance. The program allows for partitioning the variance components into different hierarchical levels: variance among groups, variance among populations within groups and variance within populations. The AMOVA program was also used for calculation of -statistics: 1sT, the correlation of random haplotypes within subpopulations, relative to that of random haplotypes drawn from the total population; the correlation of random haplotypes from a group of subpopulations, relative to that of random pairs of haplotypes drawn from the whole population; the correlation of random haplotypes within subpopulations, relative to that of random pairs drawn from within that geographical group. For the estimation of 'ST all populations were included, whereas for the organisation of the populations into group levels, geographical groups that only contained one population were excluded (Skjern River and Numedalslâgen). The other populations were organized into three groups according to their respective geographical region: (i) Atran and Lagan; (ii) Conon and Dee; and (iii) Corrib and Burrishoole. The relationship between geographical and genetic distance was investigated by comparing distances measured over sea from river to river, with genetic distances computed as 'ST (Slatkin, 1993) between sample pairs. The relationship was tested by use of the program G-Mantel from the G-Stat 3 package (Siegismund, 1993) . Gene flow was estimated as the effective number of migrating mitochondria per generation, which is expected to be approximately the number of migrating females per generation (Hudson et at., 1992) .
Results
The size of the amplified ND 1 fragment was 2 kb. Digestion patterns revealed restriction site differences for four of the endonucleases. AvaI, Hinfl and RsaI detected two morphs, whereas three morphs were revealed by using HaeIII (Table 2) . Differences between morphs could in all cases be explained by the gain or loss of one restriction site.
Six composite genotypes (haplotypes) were identified (Table 3 ). The genetic relationship among haplotypes is summarized in Fig 2. The distribution of haplotypes between localities (Table 3) shows that haplotype 2 was the most common and appeared in all populations studied. Haplotypes 1, 3 and 4 were found in most populations. Only one 'private' haplotype was found (haplotype 5 from the Dee). Significant differences in haplotype frequencies were found for the majority of the pairwise comparisons between populations (Table 4) Only fragments larger than one hundred base pairs are included. between genetic and geographical distance (Fig. 3) was not significant (Mantel test: P = 0.8).
Discussion
Variability in Atlantic salmon mtDNA
Clonal diversity of mtDNA in Atlantic salmon was low. One reason for this low level is that we only analysed one segment of the mtDNA. However, the detected low number of clones is in accordance with other results on populations of Atlantic salmon by King et at. (1993) , Hovey et at. (1989) and Pallson & Arnason (1994) and is also in accordance with low Type 4
Type 2 6 Fig. 2 Phylogenetic tree summarizing the genetic relationship among Atlantic salmon haplotypes. The tree was based on the mean number of base substitutions per site between haplotypes (Nei & Li, 1979) and constructed according to the algorithm by Fitch & Margoliash (1967) , using the program FITCH from the PHYLIP program package (Felsenstein, 1993) . levels of genetic variation in this species as detected by other methods of genetic analyses (Davidson et al., 1989) . Low genetic variation is often found for fish species inhabiting formerly glaciated regions (Billington & Hebert, 1991) .
Phylogeny and geographical distribution of haplotypes We found no obvious correspondence between phylogeny and geographical distribution. The four most common haplotypes were widely distributed ( HaeIII. In our analyses we have identified three morphs using this restriction endonuclease, the rarest of these morphs being the one that separates haplotype 6 from haplotype 1. The significances of the x2 were estimated using a Monte Carlo approach (Roff & Bentzen, 1989 This lack of correlation between phylogeny and geographical distance probably arises from the postglacial colonization of the studied geographical regions by Atlantic salmon. The number of mutations accumulated in mtDNA during this rather short period has not been sufficient for populations to diverge. The findings from a related species with a similar evolutionary history, the brown trout (Salmo trutta L.), shows a similar pattern (Hansen & Loeschcke, 1996) . Therefore genetic differences observed between haplotypes, for the major part, probably represent 'old' variation predating the last glaciation (about ten thousand years), as is observed for allozyme variation (Stahl, 1987) .
• •
Genetic differentiation and gene flow among populations
The results from the analyses of molecular variance ( (Ryman, 1983; Stahl, 1987; Jordan et a!., 1992) . A marked difference exists between the major geographical groups of Atlantic salmon (North American, European and Baltic), contributing about 30 per cent to the genetic variance (Stahl, 1987) .
The hierarchical analysis of variance presented here (Table 5) shows that a similar large component of the mtDNA variance is found within populations. The very low 'among group' variance component is likely to be the result of the narrow geographical range covered in this study. MtDNA differences have been proposed to exist between major groups (North American and European, . It would be interesting to apply this method on a larger geographical scale to investigate possible . additional large groupings. We observed that part of . the variance was distributed among populations within groups, a finding which may be attributed to the limited populations within each group. A sampling design that includes more populations within a narrow geographical range could clarify this.
• Relationship between genetic and geographical . distance The lack of correlation between genetic and geographical distance implies that the gene flow among populations of Atlantic salmon on the geographical scale studied here follows an island model. This is supported by the findings of Elo (1993) The Skjern River salmon population
The Skjern River population is an illustrative example of the importance of gene flow and genetic drift for the genetic population structure of Atlantic salmon. The low population size of this specific population has probably lead to the high degree of genetic differentiation ( Table 4 ). The only other population that is significantly different from all other populations studied is the population of the River Lagan, which has experienced a severe bottleneck in this century (G. Holdensgaard, personal communication). Many populations of Atlantic salmon are now being stocked with hatchery-reared fish of native or non-native origin including the two populations mentioned here (SKJ, LAG). Both stocking strategies may disturb the natural population structure of Atlantic salmon. Stocking fish of native origin can lead to a lowered effective population size, if the number of wild founders used for supportive breeding is limited (Ryman, 1991) . If fish of non-native origin were stocked this may lead to increased levels of gene flow (Evans, 1991; Crozier, 1993) . Careful evaluation of stocking practices is therefore needed if any impact on population structure is to be avoided.
MtDNA as a genetic marker for Atlantic salmon population studies Mitochondrial DNA can be considered as one hypervariable locus, representing only a small part of the total genome and with gene flow dynamics different from nuclear genes. This has led to doubt about the representativeness of results obtained by employing mtDNA as a genetic marker for studies of population structure (Ferguson et al., 1991;  see also Pamilo & Nei, 1988; Degnan, 1993) . However, we found striking similarities with results on population structure of Atlantic salmon as revealed by other types of analyses. From our point of view, mtDNA analysis therefore appears to be a fast and reliable method of obtaining population data with high resolution.
